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The spontaneous formation of patterns in dynamical systems is a rich phenomenon
that transcends scientific boundaries. Here, we report our observation of coupled
optical-atomic pattern formation, which results in the creation of self-organized,
multimode structures in free-space laser-driven cold atoms. We show that this pro-
cess gives rise to spontaneous three-dimensional Sisyphus cooling even at very low
light intensities and the emergence of self-organized atomic structures on both sub-
and super-wavelength scales.
I. INTRODUCTION
Optical lattices are a useful experimental tool for studying the interaction between light
and ultracold atoms. The lattice creates a dipole force that results in spatial organization
of the atoms. Spatially organized atoms can be used to simulate quantum systems [1] and
to study novel states of matter [2]. These applications often require only a small number of
atoms per lattice site, but new physics is expected when there are many atoms per site [3].
In the high-atom-number regime, the light scattered by the atoms can be substantial
and affect the atoms’ center-of-mass degrees-of-freedom. Early experiments exploring this
regime used single-mode optical cavities to enhance the light-atom coupling strength [4].
Alternatively, we have shown theoretically that strong light-atom coupling can be achieved
in free space by allowing many sub-Doppler-cooled atoms to spatially organize in the inten-
sity maxima of an optical lattice [5]. Free-space systems are advantageous for many reasons,
including experimental simplicity and access to an intrinsically multimode system [6, 7].
Strong light-atom interactions in multimode geometries allow access to different physics,
such as continuous symmetry-breaking and the realization of spin glasses, for example [3].
In this article, we realize enhanced light-atom interactions in a multimode, free-space
cloud of ultracold atoms driven by counterpropagating optical fields. Above a threshold
value of the nonlinear refractive index, denoted nNL, we observe an instability that simulta-
neously generates new optical fields and new real-space gratings of atoms, which we refer to
as optical/atomic pattern formation. The optical and atomic patterns enhance each other
because the generated fields give rise to atomic cooling and real-space self-organization,
which in turn give rise to increased optical scattering. This results in a runaway process,
known as an absolute instability, where an initial atom/field fluctuation triggers macro-
scopic pattern formation.
While other cold-atom systems have observed the spontaneous emergence of multimode
optical fields [6, 7], they have not directly measured a corresponding self-organization of the
atoms. Here, we demonstrate real-space self-organization of atoms in a multimode system
using parametric resonance techniques, which allows us to both verify self-organization and
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2quantitatively measure the characteristics of the self-organized atoms. We observe that the
self-organized patterns exhibit continuous symmetry-breaking as well as long-range ordering
on both sub- and super-wavelength scales. We also find that the atoms spontaneously cool
in 3D despite only applying fields in one dimension. Three-dimensional Sisyphus cooling
has previously been studied using 3D applied optical lattices to realize longer coherence
times [8], but it has not yet been observed to occur spontaneously, as it does in our system.
Finally, we observe pattern formation at ultra-low intensities, which allows for studies of
low-light-level nonlinear optics and multimode non-equilibrium phenomena and provides
a novel material for studying the spontaneous formation of patterns and the nature of
absolute instabilities.
II. METHODS
Our free-space experiment consists of an elongated sample of sub-Doppler-cooled 87Rb
atoms created in a magneto-optical trap (MOT) of length L = 3 cm and diameter
w∼400 µm that are initially cooled to a temperature T ' 30 µK [9], well below the Doppler
temperature TD = 146 µK. The typical on-resonance optical depths are 50 − 100 along
the long trap axis with an average density of na ∼ 1010 atoms/cm3. After loading the
MOT for 97 ms, we apply counterpropagating optical fields (wavelength λ ∼ 780 nm,
1/e2 beam waist ∼ 410 µm) in a lin⊥lin polarization configuration along the long axis of
the atomic cloud for 3 ms, which form an imposed 1D optical lattice with ∼200 atoms
per site. The total applied electric field is given by ~E(z, t) = ~E0(z)e
−iωt + c.c., where
~E0(z) = F (z)e
ikzxˆ+ iB(z)e−ikzyˆ, k is the vacuum wavenumber, ω is the frequency, and i is
an arbitrary phase chosen to set the polarization to σˆ− at z = 0. This electric field gives rise
to a spatially-modulated AC Stark shift in the atomic energy states [10]. When the pump
fields have a detuning ∆ = ω−ωeg below the atomic resonance frequency ωeg (∆ < 0), the
atoms undergo initial Sisyphus cooling along the long zˆ-axis [11]. After ∼ 30 µs, the mean
temperature of the gas along zˆ is cooled to Tz ' 2− 3 µK, while the mean temperature in
the radial directions is still Trad ' 30 µK [12]. We typically use ∆ = −4Γ to −10Γ, where
Γ = 2pi × (6 MHz) is the natural linewidth of the 52S1/2 (F = 2)→ 52P3/2 (F = 3) atomic
transition, which is close enough to the resonance to observe pattern formation, but far
enough to avoid substantial absorption [13]. This regime is atypical for lattice experiments,
where typically |∆|  100 Γ [14], and atom-field interaction strengths are comparatively
weak.
The spatially-varying AC Stark shift of the applied optical lattice forms two superim-
posed dipole potentials, the total of which goes as U(z) = U+(z) + U−(z) [11], where
U±(z) = U0
[
1∓ 1
2
cos(2k′z)
]
(1)
correspond to the dipole potentials for the mJ = ±1/2 ground states in a J = 1/2→ J ′ =
3/2 atomic transition. This simplified fine-structure model provides a good qualitative
understanding of our experiment because most (∼90%) of the atoms are tightly bunched
at regions of pure σˆ+/σˆ− polarization and pumped into the F = 2, mF = ±2 ground
states [12]. The wavenumber of the pump fields propagating through the atomic cloud is
k′ = kn for atoms with an effective index of refraction n, defined below. The maximum
3FIG. 1: (a) Counterpropagating optical fields with a lin⊥lin polarization configuration (shown
with green circles/arrows) drive an elliptical cloud of cold atoms along the zˆ-axis. The atoms
spatially organize into pancake-shaped structures, depicted in the rectangle. (b) Instability-
generated optical fields propagate along a cone surrounding the pump fields. The placement of
the detector is shown as the black semi-circle. (c) Far-field examples of a 12-spot and a 6-spot
transverse optical pattern imaged along zˆ in contiguous experimental runs (100 ms apart), where
the MOT was reloaded between each image, with I/Isat = 0.4, and the optical depth is 62. The
central spot is bleed-through pump light. The small, central ring closely surrounding the pump
spot is a pump beam reshaping effect. (d) Simulations of the atomic pattern formed in a pancake
due to two- and six-spot optical patterns.
well depth in the low-intensity limit is given by
U0 =
~∆I
Isat
, (2)
where I = 20c |E0(z)|2 is the total intensity, Isat = ~2Γ20c/[2|µ|2C2(1 + 4∆2/Γ2)] is the
off-resonant saturation intensity [15], 0 is the permittivity of free space, c is the speed of
light, |µ| is the dipole moment magnitude for mJ = ±1/2→ mJ ′ = ±3/2 transitions, and
C2 = 2/3 is the difference between the square of the Clebsch-Gordon coefficients for the
mJ = ±1/2→ mJ ′ = ±3/2 and mJ = ±1/2→ mJ ′ = ∓1/2 transitions [13].
The dipole potential gives rise to an imposed density distribution
η(z) =
na
2
[ ∞∑
j=−∞
η+j e
2i(k′z−pi/2)∗j +
∞∑
j=−∞
η−j e
2ik′z∗j
]
, (3)
where the grating wavevector for bunched atoms in a given spin state is ~gp = ±2k′zˆ. The
two sums in Eq. 3 represent atomic bunching at locations of pure σˆ± field polarizations,
where neighboring pancakes have opposite spins. For a gas in thermal equilibrium [13], the
Fourier coefficients appearing in Eq. 3 are given by
η±j =
Ij[−ζ]
I0[−ζ] , (4)
where Ij refers to a modified Bessel function of the first kind of order j, and ζ =
[(∆/Γ)(I/Isat)]/(Tz/TD) is the ratio of U0 to the atomic thermal energy.
4The first-order Fourier coefficients η±1 provide a measure of atomic bunching, where
η±1 = 0 (ζ = 0) indicate a homogeneous gas, and |η±1 | = 1 (|ζ| → ∞) indicate maximum
bunching, i.e., infinitely thin sheets of atoms [16]. By increasing η±1 for ∆ < 0, the light-
atom coupling strength is enhanced because atoms bunch tightly at the intensity maxima
of the lattice. As can be seen from Eq. 4, atomic bunching provides a new mechanism to
achieve enhanced nonlinear light-atom interactions even for I/Isat  1 by using small |∆|,
which increases the dipole potential well depth, and by using small Tz (e.g., via Sisyphus
cooling) [5]. This bunching-induced nonlinearity is the primary mechanism that gives rise
to pattern formation in our system, in contrast to others where the saturable nonlinearity
dominates [17]. In this tight-bunching regime with I/Isat  1, the effective refractive index
is
n ' 1 + χlin
2
[
1 + η±1
]
= nlin + nNL, (5)
where χlin = −6pic3(2∆/Γ)naC2/[ω3eg(1 + 4∆2/Γ2)] is the linear susceptibility [13]. Here,
the intensity-independent terms are the linear refractive index nlin.
The threshold for the pattern-forming instability occurs when the nonlinear optical phase
shift knNLL & pi/2 [18], which is achievable at low intensities using our long atomic sample
and sub-Doppler temperatures [5]. The minimum observed threshold for pattern formation
in our system is I/Isat ' 10−2 for ∆ = −4Γ (η±1 ' 0.7 and |ζ| ' 2) and an optical depth of
∼50, where knNLL ≈ 1.6. This threshold intensity is two orders of magnitude smaller than
for optical pattern formation in a warm vapor [19]. Our typical experimental parameters
are 10−2 ≤ I/Isat ≤ 0.4, where η±1 ' 0.7 − 0.99 and |ζ| ' 2 − 120. From Eq. 3, the peak
density at each 1D lattice site at threshold is ∼ 5na, and the width of each pancake is
∼λ/13 [20]. This indicates that the atoms are cooled substantially and tightly bunched in
the applied 1D optical lattice, as depicted in Fig. 1(a), in order to generate the instability
that gives rise to pattern formation. We also note that we only observe pattern formation
for ∆ < 0 because ∆ > 0 gives rise to reduced light-atom interaction strengths in the
tight-bunching regime [5].
The instability triggers a wave-mixing process that generates new, frequency-degenerate
optical fields, which propagate at a small angle θ ∼ 3 − 10 mrad relative to the applied
fields [12], as dictated by a phase-matching condition [18]. In theory, the generated fields
arise anywhere along a cone centered on the zˆ-axis, as depicted in Fig. 1(b). In the trans-
verse plane, we observe multi-spot optical patterns shown in Fig. 1(c) rather than a con-
tinuous ring, which indicates a spontaneous breaking of a continuous symmetry [21]. In
addition, we observe different patterns under essentially the same experimental conditions,
as shown in Fig. 1(c). Such shot-to-shot fluctuations are a hallmark of non-equilibrium phe-
nomena, where symmetry-breaking results in self-organization into different modes [22, 23].
In our instability-driven system, we observe that these fluctuations occur in as quickly as
50 µs, which is on the order of the time it takes for an atom to move to a neighboring
pancake and thus contribute to exciting a different pattern [13].
The synergistic coupling between the optical patterns and the atoms implies that there
are also corresponding real-space patterns of bunched atoms that form spontaneously with
the optical patterns and are enhanced as the power in the optical patterns increases. There
are two types of atomic patterns: one with a short (sub-wavelength) period, and one with
a long period. The short-period gratings (spacing ds ' pi/[2k′cos(θ/2)] ≈ 195 nm) overlap
strongly with the imposed pump-pump grating (spacing dp = pi/2k
′) and arise due to the
interference of a generated optical field with a nearly counterpropagating pump field. The
long-period gratings (spacing d` ' pi/[2k′sin(θ/2)] ≈ 80 µm) arise due to the interference of
a generated optical field with a nearly co-propagating pump field, as depicted in Fig. 2(b).
5FIG. 2: Example atomic patterns that form due to the interference between an applied optical
field and (a) nearly counterpropagating and (b) nearly co-propagating generated optical fields.
The dashed lines show the grating wavevector directions. Power of the generated light normalized
to the power in the unperturbed (ωmod/2pi = 0) case when (c) phase-modulating one pump beam
by ±pi/37 and (d) intensity-modulating an elliptical probe beam of peak intensity I/Isat = 10−3,
width ∼1.2 mm, and length ∼4 cm applied to the side of the cloud (along −rˆ). Experimental data
is shown in gray circles, and the best fit to a sum of Lorentzians is the blue curve with confidence
intervals indicated by the error bars. The modulation depth of the short-period grating resonance
is larger than that of the pump-pump resonance because more atoms are driven out of the shallower
dipole potential wells for a given phase shift.
The total (applied and generated) electric field for a two-spot optical pattern is denoted
by ~E(z, r, t) = [ ~E0(z) + ~Ew(z, r)]e
−iωt + c.c., where ~Ew(z, r) = if±(z, r)eik(zcosθ±rsinθ)yˆ +
b±(z, r)eik(−zcosθ±rsinθ)xˆ. Here, we ignore higher-order spatial-mode patterns for simplicity.
With these additional field terms, Eqs. 1 and 3 are also modified so that the density distribu-
tion incorporates the self-organized atomic patterns, with corresponding grating wavevec-
tors. The short-period grating wavevectors, ~gs ' k′ {±[1 + cos(θ)]zˆ ± sin(θ)rˆ}, are nearly
along ±zˆ, and the long-period grating wavevectors, ~g` ' k′ {±[1− cos(θ)]zˆ ± sin(θ)rˆ}, are
nearly along rˆ. The Fourier coefficients for the self-organized atomic density gratings are
analogous to Eq. 4, but with ζ → ζs,` = Udip,(s,`)/kBTs,`, where Udip,(s,`) refers to the effec-
tive dipole potential of the short-period (s) and long-period (`) gratings, and Ts,` refers to
the atomic temperature along gˆs,`. Both Udip,(s,`) and Ts,` are measured experimentally, as
described below.
III. MULTIMODE SELF-ORGANIZATION
To directly observe and characterize real-space atomic self-organization, we perform
a parametric resonance experiment to measure the motional states of the atoms. The
motional frequencies of atoms in the lowest-energy bound states oscillate according to
ωvib,(p,s,`) '
√
pi2Udip,(p,s,`)
2md2(p,s,`)
, (6)
where m is the atomic mass, and we assume the potentials are nearly harmonic. By
parametrically driving at the resonance 2ωvib along the direction of the grating wavevectors,
6atoms can be excited out of their dipole potential wells [24], which reduces the efficiency
of the wave-mixing process and the power in the generated fields. Because gˆ` is nearly
orthogonal to gˆp and gˆs, we use different experimental methods to parametrically drive
atoms in each type of grating.
To excite atoms in the short-period grating, we use an electro-optic phase modulator
placed in the path of one of the pump fields and driven at frequency ωmod. During this
experiment, we slightly misalign the pump beams to observe a stationary two-spot optical
pattern and avoid detection errors due to pattern rotation [13]. We observe three distinct
resonances, as seen in Fig. 2(c). The high-frequency resonance at ωmod/2pi ' 632± 30 kHz
(width 258±26 kHz) corresponds to atoms trapped in the pump-pump (applied) lattice. We
expect this resonance at 2ωvib/2pi ' 686(+123/− 109) kHz according to Eq. 6 for Udip,p ≡
U0 with experimental parameters ∆ = −2pi(28 ± 2) MHz and I/Isat = 0.28 ± 0.06. The
predicted resonances, the error, and the intermediate resonance at ωmod/2pi = 177±15 kHz
are discussed further below. Using Eq. 6, we find that the pump-pump dipole potential
well depth is Udip,p ∼ 635 µK, where the energy is normalized by kB/2. Thus, the atoms
at Tz = 2− 3 µK are tightly confined in the imposed dipole potential wells.
The low-frequency resonance at ωmod/2pi = 92±1 kHz (width 33±2 kHz) corresponds to
atoms in the short-period self-organized gratings, which we expect to occur at ωmod/2pi =
95 (+12/−9) kHz for a measured generated field intensity of (17±6) µW/cm2. The effective
dipole potential well depth for atoms in the short-period gratings is thereforeUdip,s ∼ 13 µK.
This measurement together with the temperature measurement described below indicate
that the atoms self-organize into the short-period structures, which are not imposed on the
atoms by the applied fields. For the 6-spot pattern shown in Fig. 1(c), we estimate there
are ∼7 short-period grating lattice sites per pancake with ∼20 atoms per site, as portrayed
in Fig. 1(d).
To investigate the motional properties of atoms in the long-period gratings, we apply
a weak elliptically-shaped optical field to the side of the atomic cloud and periodically
modulate its amplitude. To detect the long-period, low-frequency resonances, we operate
the experiment in the steady-state regime, where we load the MOT for 97 ms and then
leave the MOT beams on at 15% of their initial intensity while we run experiments. In
this regime, the patterns persist for ∼2 sec, c.f. 2.4 ms in the transient regime, where
the MOT beams are shut off completely [13]. Here, we observe a parametric resonance
at ωmod/2pi = 134 ± 2 Hz [Fig. 2(d)] (width 50 ± 7 Hz), which we expect to occur at
ωmod/2pi = 191 (+78/ − 62) Hz. From this measurement, we find that Udip,l = 8 ± 4 µK.
Because gˆ` ≈ rˆ, one might expect Tl ≈ Trad, which would imply ζl < 1 and negligible
bunching into the long-period gratings. However, as we show below, the atoms undergo
additional, spontaneous Sisyphus cooling along gˆ`, which facilitates atomic self-organization
into the long-period gratings. We therefore observe atomic self-organization not only into
the sub-wavelength, short-period gratings, but also into the super-wavelength, long-period
gratings.
A. Analysis of the parametric resonances
To predict the parametric resonances expected in this experiment, we calculate the
effective intensity that generates the imposed and self-organized dipole potentials. The
intensity of a single pump field is Ip ∼ 32 ± 7 mW/cm2, where the error is due to the
measured beam size (100±15 µm) after the pump-beam-reshaping effect shown in Fig. 1(c).
This value of Ip also accounts for the 10% reduction in pump power from 11.2 µW to
710 µW that results from the pump-beam reshaping, discussed further below. We measure
the intensity of the generated fields by measuring their output power and predicting their
near-field size based on a calibration of our imaging system. We find the output intensity
of a single generated field is ∼ 17±6 µW/cm2, where the error is due to a slight asymmetry
in beam size between the two spots in the optical pattern. However, because the wave-
mixing process gives rise to an exponential increase in the generated field intensity across
the length of the atomic cloud, we take the effective intensity inside the cloud to be the
approximate intensity at the center of the cloud—18% of the output intensity, or Ig =
(3± 1)× 10−3 mW/cm2.
We apply these effective intensities to Udip,(p,s,`) = ~∆I/I0sat(1 + 4∆2/Γ2) in Eq. 6 with
the experimental parameter ∆ = −2pi(28 ± 2) MHz and the resonant saturation inten-
sity I0sat = 1.3 mW/cm
2. For the pump-pump (imposed) gratings, I = Ip. For the self-
generated gratings, I = 2
√
Ip
√
Ig, where the factor of 2 is included because there exist
two sets of self-generated gratings everywhere, e.g., the interference between F (z)eikz and
b+(z, r)e
ik(−zcosθ−rsinθ) and that between B(z)e−ikz and f−(z, r)eik(zcosθ+rsinθ) give rise to spa-
tially overlapping dipole potentials. For this experiment, we also take C2 → 1 because we
operate well above threshold where the fields only act on atoms that are tightly bunched
in regions of pure σˆ± polarizations and thus only give rise to stretched-state transitions.
Based on this analysis, we predict the parametric resonances are 2ωvib,s = 686 (+123/−
109) kHz, 2ωvib,s = 95 (+12/− 9) kHz, and 2ωvib,` = 191 (+78/− 62) Hz, where the larger
error for the long-period resonance is due to the error in θ = 4± 1 mrad. These predicted
values agree with the measured values of 2ωvib,p = 632± 30 kHz, 2ωvib,s = 92± 1 kHz, and
2ωvib,` = 134± 2 Hz to within the experimental error.
For these self-organized atoms, the location of the parametric resonance is a function of
both Udip,p and n; e.g., it decreases with lower pump beam intensities. Overall, we observe
that the short-period-grating parametric resonance occurs between 90 and 133 kHz and
the long-period-grating parametric resonance occurs between 11 and 134 Hz for I/Isat =
0.05 to 0.3.
We also attribute the parametric resonance at ωmod/2pi = 177 ± 15 kHz (width 213 ±
34 kHz) to the dipole potential that arises due to the small ring around the pump beams,
appearing in Fig. 1(c). This ring is pump-beam reshaping effect that arises because the
pump size is comparable to the width of the cloud of atoms. We model this ring as an
LG10 mode and find it contains ∼ 10% of the power contained in the central pump spot.
The peak intensity of the ring is therefore 3.6% of the pump intensity. We predict that
the dipole potentials generated by this ring and a nearly counterpropagating pump should
have a parametric resonance at 172 (+38/−27) kHz, which agrees with our measured value
of 177 ± 15 kHz. In this prediction, we neglect the dipole potentials due to a ring and a
nearly copropagating pump field because the lattice spacing for these are ∼ 250 µm, and
thus there only exist 0 or 1 such gratings in the cloud of atoms.
We attribute the large width of the pump-pump resonance to the anharmonicity of
the potential well, which is characterized by a modified ground state energy of the
form E0 = ~ωvib,p (1− A1/2) /2, where A1 is known as the first-order anharmonicity pa-
rameter [25]. If we consider the deviation of the mean measured predicted resonance
(2ωvib,p = 632 kHz) from the mean of the theoretically predicted value assuming a har-
monic potential (2ωvib,s = 686 kHz), we find A1 = 0.15. This anharmonicity gives rise
to a reduction in the overall frequency and a broadening of the parametric resonance, in
agreement with previous work [24].
With this analysis, we find that our data agrees well with theory, and we thus demon-
8FIG. 3: Temporal evolution of the scattered probe power. Pattern formation occurs during
−200 µs ≤ t ≤ −65 ns with pump beam intensities I/Isat = 0.1. A probe beam is turned on
at t = 0 in the (a) −zˆ-direction and (b) +zˆ-direction. The red (dashed) curve is a best fit to
a Gaussian, with (a) τs = 0.9 ± 0.02 µs and (b) τ` = 120 ± 2 µs. The rectangular error bars at
(a) t = 0.5 µs and (b) t = 100 µs indicate the typical statistical confidence interval of the fit.
The temperature of atoms in the (c) short-period and (d) long-period self-organized gratings are
extracted from data similar to (a) and (b) for various I/Isat. The error bars define the statistical
standard deviation.
strate real-space self-organization of atoms in a multimode system.
IV. BRAGG SCATTERING
We also perform a Bragg scattering experiment to both determine the temperature of
the self-organized atoms [26] and provide an additional characterization of their real-space
structure. We apply the counterpropagating pump fields and allow the patterns to form
and persist for 200 µs. We then shut off the pump fields and inject a weak probe beam
along either the ±zˆ-direction. We only collect light from a portion of one of the emission
cones, as depicted in Fig. 1(b). In this case, a probe beam traveling along −zˆ (+zˆ) is
Bragg-matched to scatter into multiple directions, but it will only reach the detector if
it back-scatters (forward-scatters) off the short-period (long-period) gratings depicted in
Fig. 2(a),(b). This technique provides further evidence of real-space self-organization and
allows us to distinguish between the two scales of long-range ordering.
Bragg scattering allows us to extract the temperature of atoms in the short- and long-
period gratings because ballistic expansion of atoms out of their gratings results in the decay
of the probe signal [26], as shown in Fig. 3. We note that the atoms move ballistically,
rather than diffusively, once released from the optical lattice because the mean free path
in our system (≈ 23 mm) is much longer than any of the lattice constants. Ballistic
expansion is modeled using a Gaussian decay function fs,`(t) = aexp(−t2/τ 2s,`) [26], where
τs,` corresponds to the time it takes for nNL to reduce to 1/e of its initial value. Because
d`  ds, the peak density in the long-period gratings decays more slowly and consequently
9FIG. 4: Modeling ballistic expansion. (a) The blue (solid) curve shows the “before” density
distribution ηs(z) for example parameters I/Isat = 0.01, ∆/Γ = −5, and T/TD = 3/146. The
green (dashed) curve shows the “after” density distribution η′s(z) where the peak density is reduced
by 1/e. The predicted decay constant τ as a function of T for example parameters ∆˜ = −5 and
Ieff = 0.7 mW/cm
2 in the case of the (b) short-period gratings and (c) long-period gratings.
τ`  τs.
A. Analysis of the atomic temperatures
To extract an atomic temperature from the Bragg scattering data shown in Figs. 3(a)
and (b), we use a heuristic model of the atomic density distribution to relate τs,` to Ts,`. The
density distribution for the short-period gratings before ballistic expansion is approximately
ηs(z, r) ≈ ηs(z) ≈ na
2I0(−ζs)
[
e−ζscos(2k
′
wz) + e−ζscos(2k
′
wz−pi)
]
, (7)
where we use the experimentally measured value of Udip,s in ζs. We note that k
′
w is slightly
larger than k′ because the pattern-forming optical fields experience a different index of
refraction [13, 18]. However, for the distance scales of relevance in this problem, it is a
good approximation to take k′w ≈ k′.
The density distribution after ballistic expansion for the short-period gratings can be
approximated as η′s(z) ≈ na [1 + f(t)cos(4k′z)] in the case where f < 1. The constraint
f < 1 maintains normalization, and it is valid for our experimental regime. We calculate
the magnitude of |f(t = τs)| for a given ηs(z) such that the peak density of η′s(z) is 1/e
that of ηs(z). Example density distributions at t = 0 and t = τs are shown together in
Fig. 4(a) in blue (solid) and green (dashed), respectively.
We fit the “before” and “after” density distributions between ±λ′/8 to a Gaussian
envelope in order to calculate the “before” and “after” grating widths. We apply this as the
characteristic distance d in a simple kinematics model of v0 = d/τ , where v0 =
√
3kBT/m.
Leaving Ts as an unknown parameter in ζs, we find a numerical solution for the temperature
as a function of τs. An example of this predicted relationship is shown in Fig. 4(b) for
∆˜ = −5 and I/Isat = 0.01. Using the same procedure, we relate τl and Tl for the long-
10
period gratings, whose results are shown in Fig. 4(c).
From these relationships, we extract an atomic temperature from our experimentally
measured decay constants of the Bragg-scattered probe signal. We perform multiple Bragg
scattering experiments to extract τs and τ` for various pump intensities, which generates
the data shown in Figs. 3(c) and (d). Figure 3(c)/(d) shows the atomic temperature is
Ts ≈ 1.8 − 2.8 µK along gˆs and T` ≈ 1.9 − 2.7 µK along gˆ` for all pump intensities. We
interpret the slight upward trend as a result of the fact that Sisyphus cooling operates
optimally over a limited range of intensities [11].
The low temperatures along gˆs are expected because atoms in these gratings substan-
tially overlap with the imposed gratings and therefore have the advantage of undergoing
initial Sisyphus cooling due to the applied fields. However, we also observe that atoms
in the long-period gratings cool to comparable temperatures despite having a momentum
nearly orthogonal to zˆ.
Such transverse cooling can arise due to a weak transverse dipole force in a 1D optical
lattice [27], Raman cooling [28], or due to 3D Sisyphus cooling that arises above threshold
for pattern formation due to the interaction of the generated fields and the pump fields.
However, the weak transverse dipole force imposed by the 1D lattice does not give rise to
efficient cooling, i.e., it would take approximately 600 µs for the atoms to move a distance
d` under the influence of this weak force alone. In contrast, we have observed the signature
of these long-period gratings as soon as 20 µs after turning on the pump beams, and thus,
this force cannot be responsible for the cooling timescales that we observe. In addition,
we have never observed Raman transitions to other ground states, and thus we can only
attribute the observed cooling to frequency-degenerate schemes such as Sisyphus cooling.
We thus conclude that the only mechanism that can cool and trap atoms in the long-
period gratings so quickly and effectively is Sisyphus cooling, where the expected damping
time is [~k2|∆|/(2mΓ)]−1 ≈ 10 µs [10]. The observed 3D Sisyphus cooling process occurs
spontaneously as a result of the optical/atomic pattern-forming instability. Our observation
of 3D cooling by only applying fields along one dimension allows us to achieve longer
coherence times with a simplified geometry in comparison to lattice experiments where laser
beams are applied in all three dimensions [8]. This is also supported by our observation
that the patterns persist in the transient regime for up to 2.4 ms [13] cf. ∼300 µs in similar
wave-mixing experiments where 3D cooling is absent [7], thus giving rise to more rapid
atom loss.
V. CONCLUSION
In conclusion, we directly measure the real-space self-organization of atoms in a mul-
timode geometry using parametric driving and Bragg scattering microscopy, and we ob-
serve spontaneous three-dimensional Sisyphus cooling. Our system exhibits continuous
symmetry-breaking and long-range atomic self-structuring on multiple spatial scales. Our
work represents an important step towards studying non-equilibrium phenomena in multi-
mode geometries and provides a simplified system in which one can observe low-light-level,
multidimensional nonlinear optical effects.
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